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 20 
Abstract 21 
We simultaneously studied microbial-mediated carbon fluxes at two contrasting 22 
sites within the coastal upwelling system off Galicia (in front of A Coruña and Vigo) 23 
over an annual cycle in order to compare the fraction of primary production released as 24 
dissolved organic carbon (DOC) and the degree of coupling between bacteria and 25 
phytoplankton.  A significant fraction of primary production was released as DOC at 26 
both sites, averaging ca. 30%. DOC release accounted for, on average, by 30% of the 27 
total bacterial carbon demand, which is indicative of a moderate trophic dependence of 28 
bacteria on phytoplankton in these coastal ecosystems. Nevertheless, differences in 29 
hydrographic conditions associated to stronger upwelling pulses off Vigo and deeper 30 
upper mixed layers during the downwelling period off A Coruña, led to significant 31 
differences in phytoplankton dynamics and the subsequent direct coupling with 32 
heterotrophic bacteria. Strong direct coupling between phytoplankton extracellular 33 
release and bacterial production (BP) was found off Vigo, which could be related to the 34 
quality of the DOC produced by actively growing phytoplankton. By contrast, DOC 35 
release and BP rates were decoupled off A Coruña, likely due to unaccounted DOC 36 
associated to indirect trophic processes or to the low availability of freshly produced 37 
exudates associated to overflow or photoinhibition mechanisms.  38 
39 
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 40 
Introduction 41 
Microplanktonic organisms are key components of the biological carbon cycle in 42 
marine ecosystems. On a global scale, bacterial production accounts for 10‒20% of 43 
concurrent marine primary production (Ducklow 2000). Over the last 4 decades, 44 
compelling evidences indicate that a relevant fraction (averaging 5 to >40%) of primary 45 
production (PP) is released as dissolved organic carbon (DOC) in most pelagic 46 
ecosystems (e.g. Thomas 1971, Teira et al. 2001a, 2001b, 2003a, Marañón et al. 2004, 47 
Lopéz-Sandoval et al. 2011). Thus, current measurements may severely underestimate 48 
PP if concurrent measurements of DOC release are not conducted. A general inverse 49 
relationship has been observed between the percentage of extracellular release (PER) 50 
and the magnitude of primary production over wide geographical and productivity 51 
ranges (e.g. Berman & Holm-Hansen 1974, Teira et al. 2001a, Morán et al. 2002). 52 
Some evidences suggest that DOC release is essentially a physiological process 53 
that can be enhanced under suboptimal light levels or under nutrient limitation 54 
conditions (Zlotnik & Dubinsky 1989, Morán & Estrada 2001, Marañón et al. 2004, 55 
2005, Lopéz-Sandoval et al. 2011). On the other hand, some other studies suggest that 56 
part of the recently fixed photosynthetic carbon might be indirectly released in dissolved 57 
form as a consequence of trophic processes, such as grazing or cell lysis, ending in cell 58 
breakage (Nagata 2000, Teira et al. 2001a, 2001b). The dominant process implicated in 59 
DOC production may affect the quality and quantity of the released material and 60 
influence the bacterioplankton ability to use this DOC, and the degree of coupling 61 
between bacteria and phytoplankton. A recent review by Fouilland & Mostajir (2010) 62 
clearly questions the immediate and direct dependency of bacteria on phytoplankton 63 
exudates for carbon acquisition in aquatic systems, based on the relatively small fraction 64 
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of bacterial carbon demand (BCD) met by concurrent dissolved primary production. 65 
According to Fouilland et al. (2014) such a lack of direct coupling would occur under 66 
strong grazing pressure conditions, as bacteria would primarily consume indirectly 67 
released DOC.  68 
The upwelling system off NW Spain is characterized by the episodic enrichment 69 
of inorganic nutrients into the coastal zone during spring and summer, with amplified 70 
effects due to the presence of the large coastal embayments present in that area, coined 71 
as “rías” (e.g. Álvarez Salgado et al. 2011). Different effects of upwelling have been 72 
observed between the Rías Baixas, located to the south of Cape Fisterra, and the rías 73 
located to the north of Cape Fisterra and in the southern Bay of Biscay. In the former, 74 
the large size (>2.5 km3), V-shape and NE-SW orientation of the rías favours the net 75 
influx of upwelled water in response to the dominant northerly winds. The relatively 76 
warm (>13ºC) Eastern North Atlantic Central Water (ENACW) of subtropical origin 77 
upwells preferentially in this area, and the upwelling dynamics cause an export of the 78 
organic matter produced inside the rías to adjacent shelf areas. This leads to a very 79 
efficient utilisation of the upwelled nutrients. In the latest (to the North of Cape 80 
Fisterra), colder (<13ºC) and nutrient-richer ENACW of subpolar origin also usually 81 
upwells, but the N-S orientation of the rías favour upwelling under less intense and 82 
frequent easterly winds. This, together with a much smaller size of these embayments 83 
and narrowness of the shelf do not allow an efficient utilization of the upwelled 84 
nutrients (Álvarez-Salgado et al. 2011). As a consequence, higher levels of primary 85 
production have been reported for shelf waters off the Rías Baixas than those off the 86 
other rias during the productive period (e.g. Bode et al. 1994). Differences in 87 
phytoplankton community structure have been also reported between both areas along 88 
the seasonal cycle; with a lower contribution of nano- and pico-phytoplankton in the 89 
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Rías Baixas than in the northern rias (Bode et al. 1994, Butrón et al. 2009). Differences 90 
in phytoplankton dynamics may drive changes in the carbon fluxes through the 91 
microbial communities along the seasonal cycle. Despite the seasonal variation in 92 
carbon flow through the microplanktonic communities has been previously studied in 93 
shelf waters north of Cape Fisterra (Teira et al. 2003a), a similar study has not been 94 
conducted so far in shelf waters off the Rías Baixas.  95 
Within this context, the objective of our work was to simultaneously study 96 
seasonal patterns in microbial mediated carbon fluxes in shelf waters off a northern ria 97 
(in front of A Coruña) and off the Rías Baixas (in front of Ría de Vigo) during an 98 
annual cycle in order to specifically compare (1) the fraction of primary production 99 
released as DOC and (2) the degree of coupling between bacteria and phytoplankton in 100 
these contrasting subtropical- and subpolar-regime environments. Differences in 101 
phytoplankton DOC release patterns are expected associated to differences in nutrient 102 
supply at both sampling sites which may affect the direct C-coupling between bacteria 103 
and phytoplankton. 104 
 105 
Material and Methods 106 
Sampling. Seawater samples were collected at two shelf stations off A Coruña 107 
(E2) and Vigo (E3) (Galicia, northwest Spain) at approximately monthly intervals from 108 
September 2009 to December 2010 (Fig. 1). In October and December 2009 and in 109 
December 2010 E3 could not be sampled because of stormy weather. At each sampling 110 
date, vertical profiles of temperature, salinity, chlorophyll-fluorescence and 111 
photosynthetically available irradiance (PAR) were obtained with a SBE-25 CTD 112 
equipped with a Seapoint in situ fluorometer and a Licor spherical PAR sensor. Water 113 
from 7 fixed levels was sampled with 5 l Niskin bottles that were attached to a CTD 114 
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rosette sampler (A Coruña) or to the hydrographic wire (Vigo). The maximum sampling 115 
depths at E2 and E3 were 77 and 97m respectively. 116 
Aliquots for inorganic nutrients determination (ammonium, nitrite, nitrate, 117 
phosphate and silicate) were collected at all sampled depths in polyethylene bottles and 118 
frozen at ‒20ºC until analysis by standard colorimetric methods with a Bran-Luebbe 119 
segmented flow analyser. Chlorophyll-a (chl-a) concentration was determined at all 120 
depths from acetonic extracts of plankton retained by GF/F filters and measured by the 121 
fluorimetric method (Parsons et al. 1984). 122 
Dissolved organic carbon (DOC) concentration, particulate organic carbon and 123 
nitrogen (POC and PON) concentrations, dissolved organic matter fluorescence, 124 
particulate and dissolved primary production, bacterial biomass, bacterial production, 125 
and microbial plankton community and bacterial respiration were determined at two 126 
depths corresponding approximately to the optical depths of 100 and 1% of surface 127 
PAR (E0) (Table 1). The mean depth at 1% E0 was 35m in E2 and 40m in E3. The 128 
closest to the 1% E0 available sampling depth in E3 was always 50 m, where the PAR 129 
averaged 0.5% of E0, whereas at 30m depth PAR averaged 5% of E0. For simplicity we 130 
will refer to 100 and 1% E0 depth for both sites. 131 
Dissolved organic matter. Water for the analysis of dissolved organic carbon 132 
(DOC) was filtered through 0.2 µm filters (Pall, Supor membrane Disc Filter) in an all-133 
glass filtration system under positive pressure of N2, collected into pre-combusted 134 
(450ºC, 12 h) 10 ml glass ampoules, and acidified with H3PO4 to pH < 2 before heat 135 
sealing. Samples were measured in a Shimadzu TOC-V analyser (Pt-catalyst). 136 
Fluorescence measurements were performed at a constant room temperature of 25ºC in 137 
a 1cm quartz fluorescence cell in a Perkin Elmer LS 55 luminescence spectrometer. 138 
Fluorescence intensity was measured at four fixed excitation/emission wavelengths of 139 
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250 nm/435 nm (FDOM-A) and 340 nm / 440 nm (FDOM-C), characteristic of 140 
terrestrial humic-like substances, 320 nm/410 nm (FDOM-M), characteristic of marine 141 
humic-like substances, and of 280 nm/350 nm (FDOM-T), characteristic of protein-like 142 
materials (Coble 1996). Following Nieto-Cid et al. (2006), the spectrofluorometer was 143 
calibrated daily at each of the four fixed excitation/emission wavelengths with a mixed 144 
standard of quinine sulphate and tryptophan in 0.1 N sulphuric acid. FDOM-T was 145 
expressed in g L–1 equivalents of tryptophan, hereafter ppb Trp, and FDOM-A, -C and 146 
-M in ppb equivalents of quinine sulphate (QS) (ppb QS). Equivalent concentrations 147 
were determined by subtracting the average peak height from the MQ blank height, and 148 
dividing by the slope of the standard curve. Given the high correlation between FDOM-149 
A, -C and -M (R2 > 0.98), only FDOM-M and FDOM-T are presented in this study.  150 
Particulate organic carbon (POC) and nitrogen (PON). POC and PON 151 
concentrations were determined in 0.5‒1 l of seawater filtered through Whatman GF/F 152 
filters, which were stored frozen (‒20ºC) until analysis in a Carlo Erba CHNSO 1108 153 
analyser. 154 
Particulate and dissolved primary production. For each sampling depth, three 155 
light and two dark acid-washed Pyrex glass bottles (36 ml in volume) were filled with 156 
seawater sample, inoculated with 74‒370 KBq (2‒10 Ci) of NaH14CO3 and then 157 
incubated ashore for 2‒3 h in an incubator which simulated the irradiance experienced 158 
by the cells at the original sampling depths. Experimental incubations started always at 159 
around 14:00 h local time. Bottles were maintained at surface seawater temperature 160 
during incubation. Two 5ml subsamples were drawn from each bottle and filtered 161 
through 0.2m polycarbonate membrane filters using low vacuum pressure (<7 kPa). 162 
Labelled dissolved inorganic carbon was removed by acidifying the filters and filtrates 163 
with 100 l of 50% HCl for 12 h. The filtrates were maintained in open scintillation 164 
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vials (20 ml in volume) placed on an orbital shaker. Scintillation cocktail was then 165 
added to filters (4.5 ml) and filtrates (10 ml). The radioactivity on each sample was 166 
determined with a ‐scintillation counter that used an internal standard for quenching 167 
correction. Black bottle DPMs (disintegrations per minute) were subtracted from the 168 
light bottle DPMs in order to calculate the production rates of dissolved organic carbon 169 
(DOCp) and particulate organic carbon (POCp). The light to dark bottle DPM ratio was 170 
on average 2.3 for the filtrates. We used a constant value of 24,700 mg m-3 for the 171 
concentration of dissolved inorganic carbon and a value of 1.05 for the isotopic 172 
discrimination factor. For all pooled rate determinations of POCp and DOCp (n = 58), 173 
the percentage of relative standard error (SE/Mean) was 12 and 17% respectively. Total 174 
organic carbon production (TOCp) was estimated as the sum of POCp and DOCp rates. 175 
The percentage of extracellular release (PER) was calculated by dividing DOCp by 176 
TOCp rates. Daily rates were obtained from hourly rates using the corresponding 177 
daylight length which ranged from 9 to 15.4 h during the sampling period. 178 
Bacterial Biomass (BB). The abundance of heterotrophic bacteria was 179 
determined with a Becton Dickinson FACSCalibur flow cytometer equipped with a 180 
laser emitting at 488nm (Calvo-Díaz & Morán 2006). Samples (1.8 ml) were preserved 181 
with 1% paraformaldehyde + 0.05% glutaraldehyde, and frozen at –80ºC until analysis. 182 
Prior to analysis, heterotrophic bacteria were stained with 2.5 mM SybrGreen DNA 183 
fluorochrome.  184 
Bacteria were identified on the basis of their fluorescence and light side scatter 185 
(SSC) signatures. The empirical calibrations between SSC and mean cell diameter 186 
described in Calvo-Díaz & Morán (2006) were used to estimate biovolume (BV) of 187 
heterotrophic bacteria. BV was finally converted into biomass by using the allometric 188 
relationship of Norland (1993): fg C cell-1 = 120 x BV0.72 for heterotrophic bacteria. 189 
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Bacterial Heterotrophic Production (BP). The [3H]-leucine incorporation 190 
method (Kirchman et al. 1985), modified as described by Smith & Azam (1992), was 191 
used to determine leucine (Leu) incorporation rates (LIR). Leucine was added at 40 nM 192 
final concentration. Samples were incubated for 2 h in the same incubation chamber as 193 
particulate and dissolved organic carbon production bottles. Incubations were stopped 194 
by adding cold trichloroacetic acid (final concentration 5%). For comparative purposes, 195 
we used a theoretical leucine to carbon conversion of 3.1 kg C mol Leu-1. Bacterial 196 
growth efficiency (BGE) was calculated as: Bacterial production / (Bacterial production 197 
+ Bacterial respiration). Bacterial growth rate (BGR) was calculated as: ln (1+BP/BB). 198 
Microbial plankton community respiration (CR) and bacterial respiration 199 
(BR). INT (2-para (iodo-phenyl)-3(nitrophenyl)-5(phenyl) tetrazolium chloride) 200 
reduction rate was used as estimator of microbial community respiration (CR) using the 201 
in vivo INT reduction method (Martínez-García et al. 2009). Four 100 ml dark bottles 202 
were filled from each sampling depth. Formaldehyde-killed controls (2% v/v final 203 
concentration) were performed in order to account for any abiotic reduction of INT 204 
(Martínez-García et al. 2009), however formaldehyde-sensitive abiotic reduction (i.e. 205 
some cell free enzymes) is not accounted in the killed controls. Samples were spiked 206 
with INT (final concentration, 0.2 mM) and incubated in the same incubator used for 207 
primary production during 1‒1.5 h. After incubation, samples were sequentially filtered 208 
through 0.8-µm and 0.2-µm pore size polycarbonate filters. The reduced INT (INT 209 
formazan) was extracted from the filters with propanol as described in Martínez-García 210 
et al. (2009). Respiration of free-living heterotrophic bacteria (bacterial respiration, BR) 211 
was operationally defined as ETS activity <0.8 µm (Robinson 2008). In order to 212 
transform INT reduction rates into carbon respiration, an R/ETS ratio of 12.9 213 
(empirically derived for a non-axenic culture of Isochrysis galbana) (Martínez-García et 214 
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al. 2009) and a respiratory quotient (RQ) of 0.89 (Williams & del Giorgio 2005) were 215 
used. Bacterial carbon demand (BCD) was calculated as the sum of BP and BR.  The 216 
reported variability in average RQ (0.7 to 1.2; Williams & del Giorgio 2005) or R/ETS 217 
ratio (12.5-19.1) (Martínez-García et al. 2009) support that  the use of constant values 218 
should not introduce large uncertainty in the estimation of respiration rates. 219 
Upwelling intensity (Iw) and upper mixed layer (UML) depth. The upwelling 220 
intensity was estimated by calculating the Ekman transport from surface winds as an 221 
upwelling index (Iw). Daily values of the upwelling index were computed by the 222 
Instituto Español de Oceanografía (http://www.indicedeafloramiento.ieo.es/) in two 223 
cells of 1°x1° centred at 43.5°N, 9°W for E2 and at 42°N, 10°W for E3, using data from 224 
atmospheric pressure at sea level, derived from the WXMAP model (Gonzalez-Nuevo 225 
et al. 2014).  226 
The upper mixed layer (UML) depth was determined as the depth where 227 
temperature is 0.25 ºC lower than in the surface. The nitracline is defined as the depth 228 
where nitrate concentration is equal or higher than 1 M. 229 
Statistical analyses. Non-parametric tests were applied because of the non-230 
normal distribution of most of the variables considered. A Kruskal-Wallis (K-W) test 231 
was used for comparison between samples from A Coruña and Vigo. The KW-test tests 232 
the null hypothesis that 2 groups have the same distribution. The one way ANOVA K-233 
W test was used in order to test for differences between 3 or more groups for a given 234 
variable. The ANOVA K-W test is a non-parametric equivalent to a one-way analysis of 235 
variance by ranks. It tests the null hypothesis that 3 or more groups all come from the 236 
same distribution. It uses the ranks of data and is therefore resistant to outliers. The 237 
Mann–Whitney significance test was applied a posteriori to analyse the differences 238 
between every pair of groups. 239 
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Results 240 
Hydrographic conditions 241 
The distribution of the monthly offshore upwelling indices (Iw) during the 242 
sampling period (Figure 2) was characterized by upwelling-favourable conditions (as 243 
inferred from positive values) in September 2009 and from March-April to August-244 
September 2010 at both sampling locations. Downwelling conditions (as inferred from 245 
negative values) predominated from October 2009 to February-March 2010 and from 246 
September-October to December 2010. Upwelling intensity was higher off Vigo than in 247 
A Coruña during summer, whereas downwelling intensity was higher off A Coruña than 248 
in Vigo in October-November 2009 and 2010. 249 
The thermohaline variability throughout the sampling period was essentially 250 
driven by the typical seasonal thermal cycle and by upwelling pulses during spring and 251 
summer (Figure 3A and B, Table 1). Samples were classified into upwelling (Up) and 252 
downwelling (Dw) periods based on the Iw and the temperature profiles (Fig. 2& 3A, 253 
B). The upwelling period included samples from September 2009 and from March to 254 
August 2010. The downwelling period included samples from October 2009 to February 255 
2010, and from September to December 2010 (Table 1). 256 
Thermal inversions were observed in Vigo in November 2009 and from January 257 
to March 2010, as a consequence of freshwater runoff, leading to the development of a 258 
narrow upper mixed layer of haline stratification (Figure 3B). The relatively low mean 259 
salinity (34.04) in surface waters off Vigo during downwelling strongly supports the 260 
influence of freshwater runoff off the Rias Baixas (Table 1). Strong upwelling pulses 261 
during summer (June-August 2010) introduced deep and cold waters near the surface. 262 
The strongest upwelling pulse occurred in August 2010 off Vigo, when <13ºC water 263 
reached 25 m depth (Figure 3B). Downwelling of shelf surface waters, promoted by the 264 
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dominance of southerly winds, was observed in October-November both in 2009 and 265 
2010. The intensity of downwelling was higher off A Coruña than off Vigo (Figure 2), 266 
which was reflected by the deeper UML observed during autumn and winter (Fig. 267 
3A,B). 268 
 269 
Inorganic nutrients and dissolved and particulate organic matter 270 
Mean inorganic nutrient concentrations (nitrate, nitrite, ammonium, phosphate 271 
and silicate) were high at both stations, and no significant differences were observed 272 
between both sampling sites (Table 1). Significant differences were observed among 273 
sample groups for nitrate concentration which was significantly higher at 1% E0 than at 274 
100% E0 depth during the upwelling period off Vigo (Table 1). Mean nitracline depth 275 
was deeper off A Coruña (10 m) than off Vigo (2.8 m) during the upwelling period (Fig. 276 
3C, D). Mean dissolved organic carbon (DOC) concentration varied from 70 to 84 M 277 
C and was significantly higher off A Coruña than off Vigo (K-W test, p = 0.005). 278 
However, no significant differences were found among different groups (Table 1). 279 
Although no significant differences were found for humic-like fluorescence (FDOM-M) 280 
between both sampling sites, protein-like fluorescence (FDOM-T) was significantly 281 
higher off A Coruña than off Vigo (KW-test, p = 0.003). However, a posteriori 282 
comparisons among groups did not detect significant differences (Table 1). 283 
Significantly higher POC and PON concentrations were measured off Vigo than off A 284 
Coruña (K-W test p<0.02). POC concentration was significantly higher at 100% E0 than 285 
at 1% E0 depth during the upwelling period off Vigo. 286 
 287 
Phytoplankton biomass and production 288 
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Phytoplankton biomass, estimated from chlorophyll-a (chl-a) concentration, 289 
showed the highest values between surface and 10 m depth off Vigo (Figure 3D) and 290 
between surface and 20 m depth off A Coruña (Fig. 3C). The highest values were 291 
measured in surface waters in August 2010 both off A Coruña (6.3 mg m-3) and Vigo 292 
(4.3 mg m-3). Low chl-a concentrations (<0.8 mg m-3) were measured throughout the 293 
whole water column during winter months at both sites and in July 2010 off A Coruña. 294 
Extremely low values (<0.25 mg m-3) were encountered off Vigo below 20 m depth 295 
during the summer (Fig. 3D). Chl-a concentration at 100% E0 depth followed roughly 296 
the same temporal variability pattern at both sites (Fig. 4A,B), alternating peaks of high 297 
and low chl-a during the upwelling period. By contrast, chl-a temporal variability was 298 
much higher off A Coruña than off Vigo at 1% E0 depth (Fig. 4A,B). Chl-a 299 
concentration at the base of the euphotic zone was significantly higher in A Coruña than 300 
in Vigo during the upwelling period (One way ANOVA K-W test, Table 2). Water-301 
column (0 to 60-75 m) integrated chl-a concentration (data not shown) ranged from 18 302 
to 147 mg m-2 off A Coruña and from 18 to 58 mg m-2 off Vigo, although there were no 303 
statistically significant differences between both sites (K-W test, p > 0.05). 304 
Rates of total primary production (TOCp) followed very similar patterns than 305 
those of chl-a in surface waters at both sites (Fig.4C,D), whereas uncoupling between 306 
chl-a and TOCp rates was observed off A Coruña at 1% E0 depth (Fig. 4A, C). The 307 
highest TOCp rates (>400 mg C m-3 d-1) were measured in surface waters off Vigo in 308 
March, June and August 2010 and in surface waters in September 2009 off A Coruña. 309 
There were no significant differences in TOCp rates between A Coruña and Vigo (Table 310 
2). Rates of dissolved organic carbon production (DOCp) ranged from 1 to 47 mg C m-3 311 
d-1 in surface waters and from 0.5 to 14 mg C m-3 d-1 at the base of the euphotic zone 312 
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(Fig. 4E,F).There were no significant differences between the two sampling sites (KW 313 
test, p > 0.05). 314 
The derived percentage of extracellular release (PER) ranged from 1 to 60% in 315 
surface waters and from 13 to 83% at the base of the euphotic zone (Fig. 4G,H), and 316 
there were no significant differences between sampling locations (K-W test, p > 0.05). 317 
PER was significantly higher at 1% E0 than 100% E0 depth off Vigo during both the 318 
upwelling and downwelling periods (Table 2). By contrast, PER values were not 319 
significantly different at the surface and at the base of the euphotic zone during both 320 
periods off A Coruña (Fig. 4G, Table 2), although they were always higher at the 1% 321 
E0.  322 
While high PER values (>40%) were consistently measured at very low 323 
irradiances at both sites, high PER values (>40%) were also observed at higher 324 
irradiances during the downwelling period off A Coruña and also relatively high PER 325 
(>20%) values were measured for some surface samples during the upwelling period off 326 
A Coruña (Fig. 5A,B). 327 
There was a highly significant log-log linear relationship between TOCp and 328 
chl-a concentration both off A Coruña (p = 0.001, r2 = 0.48) and Vigo (p < 0.001, r2 = 329 
0.73) (Fig. 6A,B), although chl-a concentration explained only 48% of variability in 330 
TOCp off A Coruña. Similarly, a significant relationship was also found between log-331 
chl-a concentration and PER off Vigo (p < 0.001, r2 = 0.60) and A Coruña (p = 0.023, r2 332 
= 0.14) (Fig. 6C,D), although chl-a concentration explained only 14% of variability in 333 
PER off A Coruña. Whereas high PER values (>42%) occurred off Vigo when chl-a 334 
concentration was <0.26 mg m-3; high PER values (>42%) occurred off A Coruña at 335 
chl-a concentrations <0.5 mg m-3 (Fig. 6C,D). 336 
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A statistically significant log-log linear relationship was found between DOCp 337 
and POCp rates at both sites (Fig. 6E,F). POCp explained 53% of the variability 338 
observed in DOCp production both off A Coruña and Vigo. The corresponding ordinary 339 
least squares (OLS), or Model I, linear regression slopes obtained from A Coruña (b = 340 
0.42 ± 0.07) and Vigo (b = 0.37 ± 0.07) datasets were not significantly different 341 
(ANCOVA F-test, p = 0.08). The intercepts of the regressions were also not 342 
significantly different (ANCOVA F-Test, p = 0.10). Major axis regression, or Model II, 343 
where error is inherent to both x and y variables, produced slopes of 0.58 ± 0.07 and 344 
0.51 ± 0.07 for A Coruña and Vigo, respectively. Model II slopes were also not 345 
significantly different (t-test, p = 0.28), and both were significantly smaller than 1 (t-346 
test, p < 0.05), which means that PER decreases with productivity at both sites. 347 
 348 
Bacterial biomass and heterotrophic microbial plankton metabolism 349 
Bacterial biomass (BB) ranged from 2 to 37 mg C m-3 and was only slightly 350 
higher at 100% E0 than at 1% E0 depth, showing highest values in surface waters during 351 
the downwelling period and lowest values during winter months at both sites (Fig. 352 
7A,B). BB was significantly higher off Vigo than off A Coruña (K-W Test, p < 0.001), 353 
particularly during the downwelling period (One way ANOVA K-W test, Table 2). 354 
Bacterial cell size ranged from 12 to 73 fg C cell–1 and was also significantly higher off 355 
Vigo than off A Coruña (K-W test, p < 0.001, Table 2). Bacterial production rates 356 
varied by two orders of magnitude from values <0.2 up to 52 mg C m-3 (Fig. 7C,D). 357 
Highest values were measured in July 2010 off A Coruña and August 2010 off Vigo. 358 
No significant differences were found in BP between A Coruña and Vigo (K-W test, p > 359 
0.05). BP was significantly higher at 100% E0 than at 1% E0 depth off Vigo during the 360 
upwelling period (One way ANOVA K-W test, Table 2). Despite significant differences 361 
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in BB, and bacterial cell size, there were no significant differences in specific bacterial 362 
growth rates between A Coruña and Vigo (K-W test, p > 0.05, Table 2). BB was not 363 
significantly related to BP off A Coruña (Fig. 8A), whereas a weak but significant 364 
relationship was found off Vigo (Fig. 8B). BP was not significantly related to DOCp off 365 
A Coruña, whereas a significant relationship was observed off Vigo, with DOCp 366 
explaining 55% of the variability observed in BP (Fig. 8C,D). On average, DOCp 367 
contributed 88% of BP off Vigo, whereas mean BP exceeded mean DOCp off A Coruña 368 
(data not shown), although no significant differences were found between BP/DOCp at 369 
both sites (Table 2). Bacterial respiration (BR) ranged from 0.55 to 25 mg C m-3 (Fig. 370 
7E,F), and no significant differences were found between A Coruña and Vigo (K-W 371 
test, p > 0.05, Table 2). BR was significantly higher at 100% E0 than at 1% E0 depth off 372 
Vigo during the upwelling period (Table 2). The resulting BGE ranged from 0.05 to 373 
0.85, averaging 0.38 at both sites. BCD was significantly related to DOCp only off 374 
Vigo, where DOCp explained 32% of the variability observed in BCD. BCD largely 375 
exceeded DOCp rates at both sites (Fig. 8E,F), with BCD/DOCp ratios averaging 3 and 376 
3.34 off Vigo and A Coruña respectively (Table 2). On average, BP and BCD 377 
represented respectively, 5.5% and 13.3% of TOCp off Vigo, and 8.7% and 16.5% off 378 
A Coruña (data not shown), although the differences were not significant between sites 379 
(K-W test, p > 0.05). 380 
Microbial plankton community respiration (CR) followed a rather similar 381 
temporal pattern at both sampling sites (Fig. 7G, H). CR ranged from 4.25 to 99 mg C 382 
m-3 d-1 in surface waters and from 2.0 to 58 mg C m-3 d-1 at the base of the euphotic 383 
zone, with no significant differences between both sites (KW-test, p > 0.05). CR was 384 
significantly higher at 100% E0 than at 1% E0 during the upwelling period off Vigo 385 
(Table 2). Overall, TOCp exceeded CR (Table 2), suggesting that these two coastal 386 
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systems are autotrophic. On average, BR represented 26 and 34% of total community 387 
respiration off Vigo and A Coruña, respectively (Table 2). 388 
 389 
Discussion 390 
Differences in planktonic carbon dynamics 391 
Despite the two sampling locations were seasonally affected by upwelling events 392 
and there were not major differences in mean planktonic carbon budgets (as described 393 
from variables included in Table 2), we did find some important differences in 394 
hydrographic conditions which appear to influence phytoplankton DOC production and, 395 
in turn,  affect the degree of direct C-coupling between phytoplankton and heterotrophic 396 
bacteria. 397 
During the upwelling period, the intermittent advection of subsurface cold and 398 
nutrient rich water modulates the position of the thermocline within the water column, 399 
which in turn affects nutrient supply rates. The higher Iw observed off Vigo than off A 400 
Coruña during the upwelling period (Fig. 2), promoted the advection of nutrient-rich 401 
cold waters upper into the surface off Vigo than off A Coruña, as reflected by the 402 
position of the 14ºC isotherm (Fig. 3A,B) and the upper position of the nitracline off 403 
Vigo (mean depth 2.8 m, Fig. 3D) compared to A Coruña (mean depth 10 m, Fig. 3C), 404 
which would imply a higher nutrient supply for phytoplankton in surface waters off 405 
Vigo than off A Coruña. The extremely low concentration of chl-a at 30m depth off 406 
Vigo during the intense upwelling pulses (Fig. 3D), suggests that we sampled recently 407 
upwelled waters in front of the Rías Baixas. On the other hand, the downwelling 408 
episodes, when phytoplankton is transported from the surface to deeper layers where 409 
irradiance levels are lower and, therefore, carbon fixation could be limited, were more 410 
intense off A Coruña than off Vigo. Such intense downwelling events caused a strong 411 
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mixing of the upper water column off A Coruña during the autumn and winter months 412 
(Fig. 3A) which could cause the photo-acclimation of phytoplankton to low average 413 
irradiance within such deep upper mixed layer. Conversely, haline stratification during 414 
the downwelling period prevented intense mixing of the water column off Vigo. Lower 415 
assimilation numbers were measured off A Coruña (0.3-0.7 mg C (mg chla)-1 h-1, data 416 
not shown) than off Vigo (1.7-1.9 mg C (mg chla)-1 h-1, data not shown) at the 1%E0 417 
depth from December 2009 to February 2010, which may be related to light-limitation 418 
associated to deeper water column mixing.  419 
Mean DOCp rates, PER values and the log-log relationship between POCp and 420 
DOCp were similar at both sampling sites, which may suggest that similar processes are 421 
involved in DOC release by phytoplankton in these two nearby coastal stations. As 422 
previously observed in the sampling sites (Teira et al. 2001b, 2003a) the slopes of the 423 
log-log linear regressions (Model II) between volumetric DOCp and POCp were 424 
significantly <1 (Fig. 6E,F) which imply that PER tends to increase with decreased 425 
POCp. Considering that what we measure in our short-term 14C experiments of DOC 426 
production is the release of radiolabeled DOC that has recently been fixed by 427 
phytoplankton cells, most of the DOCp measured after our incubations will likely derive 428 
from direct physiological processes such as passive diffusion or active exudation, which 429 
does not preclude that other indirect processes such as grazing or cell lysis, producing 430 
DOC with a lower specific radioactivity, may be also relevant (Karl et al. 1998).  431 
Whereas the strength of the relationship between DOCp and POCp does not 432 
provide straightforward information on which physiological mechanisms control DOC 433 
release (Marañón et al. 2004), a strong relationship would be expected if DOC release 434 
were merely a physiological process associated to actively growing cells than if other 435 
processes, including overflow mechanisms, grazing or lysis, mediated DOC release 436 
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(Teira et al. 2001a). The relatively weak relationship between DOCp and POCp rates 437 
found in our study (Fig. 6E,F) suggests that DOC release does not merely derive from 438 
excretion during phytoplankton active growth. Nevertheless, the relatively low mean 439 
PER values observed in surface waters off Vigo (ca. 10%) indicate that actively 440 
growing phytoplankton cells could be the dominant process in these samples. Any 441 
process inhibiting cell growth and division but still permitting carbon assimilation may 442 
result in an overflow of photo-assimilated carbon, which might uncouple POCp and 443 
DOCp rates and increase the relative DOCp (Mague et al. 1980, Wood & Van Valen 444 
1990). Such an enhanced relative DOCp has been repeatedly observed under very low 445 
light conditions (Thomas 1971, Berman & Holm-Hansen 1974, Morán & Estrada 2001, 446 
Marañon et al. 2004, 2005), and was attributed by some authors to the presence of 447 
senescent or light-limited cells. DOCp could be also enhanced at low light levels as a 448 
consequence of the inability of cells to proceed with macromolecular synthesis at the 449 
same rates as carbon fixation, which would lead to an accumulation of photosynthates 450 
that would be released to the external environment (Harding et al. 1985, Marañón & 451 
González 1997). The high PER values in surface waters off A Coruña do not seem 452 
compatible with excretion from actively growing phytoplankton cells (Sharp 1977). The 453 
relatively high PER values measured in surface waters off A Coruña during April and 454 
May 2010, when the nitracline depth was at 30 and 12 m depth (data not shown), 455 
respectively, could be related to an overflow mechanism as a consequence of the high 456 
irradiance levels and low nutrient availability. A high PER value was also observed 457 
associated to excess of light and nutrient limitation by Conan et al (2008). We actually 458 
found a positive correlation between the nitracline depth and PER values in pooled 459 
surface samples during the upwelling period (r2= 0.60 p<0.01, n=14). The high PER 460 
values observed in surface waters off A Coruña during downwelling can be associated 461 
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to the acclimation of cells to low irradiances and the subsequent photoinhibition during 462 
incubation. The shift from low irradiances within the upper mixed layer to high 463 
irradiances during the incubation may promote the release of DOCp, possibly due to 464 
membrane damage (Myklestad 2000), as demonstrated in natural samples (Mague et al. 465 
1980, Panzenböck 2007) or in cultures (Cherrier et al. 2014). Despite differences in 466 
phytoplankton species composition between A Coruña and Vigo, which may influence 467 
both the amount and quality of DOCp (Wetz & Wheeler, 2007, Sarmento & Gasol 468 
2012, López-Sandoval et al. 2013) cannot be ruled out, it seems that differences in 469 
hydrographic conditions between these two nearby coastal stations determine the 470 
processes controlling phytoplanktonic DOC release.  471 
Phytoplankton and heterotrophic bacteria coupling 472 
Sources of DOC production in the sea include both direct phytoplankton release, 473 
which accounts ca. 20 % of total production, and indirect processes such as cell lysis 474 
and grazing (Nagata 2000). Marine DOC concentration in surface waters generally 475 
varies within a narrow range (60‒90 M C) (Benner 2002) compared to the larger 476 
variations in primary production, which suggests a tight coupling between production 477 
and removal processes. A strong linkage between phytoplankton and heterotrophic 478 
bacteria has been demonstrated for several areas, on the basis of a significantly positive 479 
correlation between primary and bacterial production rates (Lancelot & Billen 1984, 480 
Cole et al. 1988, Morán et al. 2001) suggesting that DOCp by phytoplankton is a major 481 
source of organic carbon for bacterial growth. By contrast other authors suggest an 482 
uncoupling between phytoplankton and bacteria, based on weak or not significant 483 
relationship between organic matter release and bacterial production rates (Teira et al. 484 
2003a, b) or based on estimates of bacterial carbon usage greatly exceeding concurrent 485 
estimations of DOCp (Williams & Yentsch 1976, Bode et al. 2001, Rochelle-Newall et 486 
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al 2008, Fouilland & Mostajir 2010), suggesting that bacteria do not exclusively rely on 487 
recently produced phytoplankton exudates. In the present study, the DOC supply by 488 
phytoplankton was insufficient to support the bacterial carbon demand (Table 2), 489 
contributing on average about 30% of BCD at both sampling sites, suggesting a 490 
moderate coupling between phytoplankton and bacteria, according to the criteria used 491 
by Fouilland & Mostajir (2010). Similar or even lower values have been measured in 492 
oligo- to meso-trophic oceanic and coastal areas (Lignell 1990, Baines & Pace 1991, 493 
Morán et al. 2002, Teira et al. 2003a, b, Alonso-Saez et al. 2008, López-Sandoval et al 494 
2011), although in most of these studies BR was estimated rather than measured, which 495 
may have significantly affected the corresponding BCD estimates. By contrast, higher 496 
values can be found in highly productive systems (Fouilland & Mostajir 2010, Morán et 497 
al. 2013). Unmeasured DOCp derived from indirect processes such as grazing or cell 498 
lysis could partially explain the observed low DOCp/BCD ratio. Lateral advection of 499 
allochthonous DOC could also sustain the high BCD rates, as previously observed in 500 
other coastal and estuarine areas  (Morán et al. 2002, 2013). Although we do not have 501 
direct supporting data for this possibility during the sampling period, the significantly 502 
higher DOC concentration and FDOM-T values observed off A Coruña than off Vigo 503 
(Table 1) could be indicative of a higher influence of allochthonus DOM at that site. 504 
Several authors have observed that the DOCp/BCD ratio is higher during high 505 
compared to low productivity periods (Teira et al. 2003a, Alonso-Sáez et al. 2008) and 506 
suggested a lag-phase between DOC release and bacterial consumption. The fact that 507 
the present study included more samples belonging to the unproductive (downwelling) 508 
than to the productive (upwelling) period would explain in part the mean low 509 
DOCp/BCD ratios measured at the sampling locations. Nevertheless, a recent study by 510 
Morán et al. (2013) specifically claims that even when bacterial carbon needs exceed 511 
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concurrent DOCp, the trophic dependence of bacteria on freshly released 512 
photosynthates should not be overlooked. 513 
Despite the similar DOCp/BCD ratio at both sampling sites, a significant 514 
relationship between BP and DOCp, with DOCp explaining 55% of the variance in BP, 515 
was observed off Vigo while such a relationship was not significant off A Coruña (Fig. 516 
8C,D). A lack of correlation between both rates off A Coruña clearly indicates a short-517 
term uncoupling between phytoplankton exudation and bacterial activity. As explained 518 
above, such a weak coupling may be expected when organic carbon sources other than 519 
freshly produced phytoplankton exudates are available for bacteria. Two additional non-520 
excluding hypotheses for the uncoupling would be: (1) the quality of the freshly 521 
released DOC; and (2) the effect of other factors regulating bacterial dynamics. 522 
The quality of the recently released DOC must have an important impact on the 523 
subsequent uptake by bacteria (Judd et al. 2006). Among the different substances 524 
released by phytoplankton are proteins, polysaccharides, nucleic acids, lipids and small 525 
molecules such as monosaccharides, amino acids or vitamins (Myklestad 2000). The 526 
quality of the released DOC varies with phytoplankton species composition (Sarmento 527 
et al 2012) and the growing phase (e.g. Myklestad 2000). Several studies concluded that 528 
low-molecular weight compounds dominate the pool of organic carbon released from 529 
actively photosynthesizing cells (see review by Bertilsson & Jones 2003), and that the 530 
low molecular weight fraction of released DOC is more rapidly used by bacteria than 531 
the high molecular weight fraction (Jensen 1983, Sundh 1992). If the cells become 532 
damaged due to stress factors, they may lose some or all of their soluble compounds 533 
(Myklestad 2000), therefore, it is anticipated that the DOCp from actively growing 534 
phytoplankton would be more available to bacterial consumption than DOCp derived 535 
from overflow mechanisms, light-limitation, photoinhibition or indirect processes such 536 
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as grazing or cell lysis. Indeed, a strong relationship exists between DOCp and BP rates 537 
off Vigo, where DOCp in surface waters seems to mainly result from actively growing 538 
phytoplankton. By contrast in surface samples off A Coruña, other mechanisms, such as 539 
overflow associated to nutrient shortage or rapid shifts in the ambient irradiance, seems 540 
to control phytoplankton DOCp, which may explain the lack of correlation between 541 
DOCp and BP. In this sense, Obernosterer & Herndl (1995) demonstrated that nutrient-542 
limited phytoplankton release a high amount of DOC which is not readily consumed by 543 
heterotrophic bacteria.  544 
The connection between recently released phytoplankton exudates and bacterial 545 
production may be also modulated by the control exerted on bacteria by other regulating 546 
factors, such as inorganic nutrient availability, temperature or grazing pressure. The 547 
effect of temperature and inorganic nutrient availability on BP does not seem relevant in 548 
our area of study as no significant correlations were found between BP and inorganic 549 
nutrient concentrations or temperature (data not shown). A recent study by Fouilland et 550 
al. (2014) demonstrated that a strong direct C coupling between bacteria and 551 
phytoplankton only occur under early phytoplankton bloom conditions, when nutrient 552 
availability is very high and the grazing pressure on microorganisms is very low. By 553 
contrast an uncoupling between phytoplankton exudates and bacterial production can be 554 
observed under strong grazing pressure. According to these authors, under such 555 
conditions, bacteria would essentially rely on DOC indirectly released as a consequence 556 
of predation on both phytoplankton and bacteria. Considering that the short-term 14C 557 
incubations would barely detect this DOC pool, an uncoupling between DOCp and BP 558 
rates can be expected. We do not have direct estimates of grazing pressure on microbial 559 
plankton in our study. However, the exploration of the log-log relationship between 560 
bacterial biomass and bacterial production rates provide an estimation of the strength of 561 
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the bottom-up (resource) control (Billen et al. 1990, Ducklow 1992). If predation 562 
mortality is low, all bacterial production can be converted into bacterial biomass, and 563 
thus, a strong relationship (with high slope) between BP and BB suggests domination of 564 
bottom-up control of bacteria. Conversely, no relationship or low slope suggests 565 
domination of top-down control. The absence of a significant log-log relationship 566 
between both variables is indicative of an indiscernible bottom-up control off A Coruña, 567 
whereas a weak to moderate bottom-up control is observed off Vigo (Fig. 8A,B). The 568 
lower BB despite similar BP rates as well as the lower bacterial cell size off A Coruña 569 
compared to Vigo (Table 2), further support the idea of a stronger top-down control in 570 
the former. Similarly, the lower percentage of variability of TOCp rates explained by 571 
chl-a concentration off A Coruña than off Vigo (Fig. 6A, B) suggest that grazing 572 
processes could also have more impact on phytoplankton off A Coruña. Therefore, it 573 
seems plausible that a strong top-down (grazing) control on microbial plankton 574 
community exists off A Coruña, which could additionally explain the short-term 575 
disconnection between DOCp and BP rates.  576 
In summary, we have shown that differences in the mechanisms involved on 577 
DOC production may strongly influence the strength of the subsequent linkage between 578 
phytoplankton and heterotrophic bacteria at coastal sites showing very similar 579 
planktonic carbon budgets over the annual cycle. The degree of direct C-coupling 580 
between phytoplankton extracellular release and bacterial production appears to be 581 
modulated by the availability of the freshly produced exudates, which enhances direct 582 
carbon coupling,  and the strong grazing pressure, which weakens the short-term 583 
coupling between phytoplankton release and bacterial production. 584 
 585 
 586 
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Figure legends 599 
Figure 1. Map of the study area with location of sampling stations. 600 
Figure 2. Distribution of monthly offshore upwelling index (Iw) at E2 (A Coruña) and 601 
E3 (Vigo) during the sampling period. 602 
Figure 3. Vertical distribution of (A) temperature off A Coruña, (B) temperature off 603 
Vigo, (C) chlorophyll-a concentration off A Coruña and (D) chlorophyll-a concentration 604 
off Vigo throughout the sampling period. Dashed lines in (A) and (B) indicate the upper 605 
mixed layer (UML) depth. Dotted lines in (C) and (D) indicate the nitracline depth. Up, 606 
upwelling, Dw, downwelling. 607 
Figure 4. Seasonal variation of mean (± SE) (A, B) chlorophyll-a (chla), (C, D) total 608 
organic carbon production (TOCp), (E, F) dissolved organic carbon production (DOCp) 609 
and (G, H) percentage of extracellular release (PER) at 100% E0 and 1% E0 off A 610 
Coruña (A, C, E, G) and Vigo (B, D, F, H). 611 
Figure 5. Relationship between PER and irradiance off (A) A Coruña and (B) Vigo. 612 
Samples from the 1% E0 showed PAR values <20 mol photons m-2 s-1 at both 613 
sampling sites.  Black and white symbols represent data from the upwelling and 614 
downwelling period, respectively. 615 
Figure 6. Relationship between (A, B) total organic carbon production (TOCp) and 616 
chlorophyll-a (chla), (C, D) percentage of extracellular release (PER) and chl-a and (E, 617 
F) dissolved organic carbon production (DOCp) and particulate organic carbon 618 
production (POCp) off A Coruña (A, C, E) and Vigo (B, D, F). Black and white 619 
symbols represent data from the upwelling and downwelling period, respectively. b and 620 
bII represent Model I and Model II regression slopes, respectively. 621 
Figure 7. Seasonal variation of mean (±SE) (A, B) bacterial biomass (BB), (C, D) 622 
bacterial production (BP), (E, F) bacterial respiration (BR) and (G, H) microbial 623 
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plankton community respiration (CR) at 100% E0 and 1% E0 off A Coruña (A, C, E, G) 624 
and Vigo (B, D, F, H). 625 
Figure 8. Relationship between (A, B) bacterial biomass (BB) and bacterial production 626 
(BP), (C, D) BP and dissolved organic carbon production (DOCp) and (E, F) bacterial 627 
carbon demand (BCD) and DOCp off A Coruña (A, C, E) and Vigo (B, D, F). Black 628 
and white symbols represent data from the upwelling and downwelling period, 629 
respectively. 630 
.631 
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Table 1. Mean (± SE) physical and chemical variables for the different sampling sites, periods and depths. Groups with no significant differences for a given variable (One 
way ANOVA K-W test) are indicated with the same letter (a<b<c<d). Variables showing a significant difference between both sampling sites are marked with asterisks (K-W 
test, *, p < 0.05; **, p < 0.001).Up, upwelling; Dw, downwelling; Temp, temperature; Sal, salinity; PAR, photosynthetic active radiation; DOC, dissolved organic carbon; 
POC, particulate organic carbon; PON, particulate organic nitrogen; FDOM-T, protein-like dissolved organic matter fluorescence; FDOM-M, humic-like dissolved organic 
matter fluorescence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  A Coruña        Vigo      
  Up  Up  Dw  Dw  Up  Up  Dw  Dw 
Variable  100% E0  1% E0  100% E0  1% E0  100% E0  1% E0  100% E0  1% E0 
Temp 
ºC  15.3±0.4b 13.6±0.2 ab  15.0±0.5b 14.7±0.4b 14.7±0.5b 13.4±0.2 a 15.4±0.8b 14.5±0.3b
Sal   35.32±0.11ab 35.72±0.06 cd  35.37±0.11ab 35.66±0.03bc 35.21±0.29ab 35.86±0.03 d 34.04±0.61a 35.80±0.04cd
PAR mol m‐2s‐1  452±107d 6.1±1.5 b  194±42c 3.8±1.2b 433±87d 2.2±0.5 b 96±27c 0.5±0.1a
DOC** M  81±5a 83±5 a  78±2a 84±3a 74±2a 70±1a 76±4a 75±2a
Nitrate M  2.3±0.6a 5.8±0.9 a  2.9±0.6a 3.6±0.6a 2.9±1.6a 7.8±1.4 c 3.8±1.4abc 7.1±1.3bc
Nitrite M  0.13±0.05a 0.28±0.05 a  0.29±0.08a 0.39±0.2a 0.34±0.08a 0.37±0.09 a 0.27±0.11a 0.42±0.15a
Ammonium M  1.3±0.3a 0.9±0.3 a  0.7±0.1a 0.6±0.2a 2.1±0.4a 0.5±0.1 a 2.2±0.8a 0.8±0.5a
Phosphate M  0.4±0.1a 0.6±0.1 a  0.6±0.2a 0.7±0.1a 0.3±0.1a 0.5±0.1 a 0.3±0.1a 0.5±0.1a
Silicate M  2.4±0.6a 3.6±0.5 a  3.1±0.5a 3.1±0.4a 3.0±1.4a 4.9±1.0 a 4.3±1.1a 5.9±1.2a
POC* M  14.9±2.9bc 5.9±0.8 ab  7.3±1.3ab 4.2±0.3a 14.8±0.9c 6.1±0.7 ab 9.8±1.9abc 9.5±1.8bc
PON** M  1.7±0.3bc 0.8±0.1 ab  1.0±0.2ab 0.5±0.1a 2.1±0.2c 0.8±0.1 ab 1.2±0.3abc 1.2±0.2bc
FDOM‐T** 
ppb Trp  15.8±4.4a 15.8±4.1 a  23.4±3.2a 18.4±3.5a 8.1±0.8a 7.5±0.6 a 9.1±1.1a 9.1±1.0a
FDOM‐M 
ppb QS  3.4±0.6a 3.5±0.8 a  4.7±0.8a 4.5±0.7a 4.1±0.8a 3.7±1.0 a 6.0±1.5a 3.3±0.2a
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Table 2. Mean (± SE) biological variables for the different sampling sites, periods and depths. Groups with no significant differences for a given variable (One way ANOVA K‐
W test) are  indicated with the same  letter (a<b<c<d). Variables showing a significant difference between both sampling sites are marked with asterisks (K‐W test, *, p < 
0.05; **, p < 0.001). Up, upwelling; Dw, downwelling; Chla, chlorophyll‐a; TOCp,  total organic carbon production; PER, percentage of extracellular release; BB, bacterial 
biomass; BP, bacterial production; BR, bacterial  respiration; CR,  community  respiration; BGR, bacterial  growth  rate; BGE,  bacterial  growth  efficiency; DOCp, dissolved 
organic carbon production; BCD, bacterial carbon demand. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  A Coruña       Vigo      
  Up  Up  Dw  Dw  Up  Up  Dw  Dw 
Variable  100% E0  1% E0  100% E0  1% E0  100% E0  1% E0  100% E0  1% E0 
Chla 
mg m‐3  2.37±0.79 cd  0.96±0.28 bcd  0.66±0.21 bcd  0.34±0.04 abc  2.68±0.55 d  0.21±0.04 a  0.98±0.12 d  0.26±0.05 ab 
TOCp 
mg C m‐3d‐1  209±55 c  32.5±8.7 ab  58.3±26.4 b  7.8±2.3 a  279±85 c  5.2±1.2 a  38.6±15.3 b  5.5±1.4 a 
PER   13.5±4.1 a  23.8±3.6 a  31.0±7.1 ab  49.8±4.7 b  10.0±3.1 a  52.2±7.3 b  16.3±4.9 a  55.1±9.5 b 
TOCp/chla 
mg C mg chla h‐1  10.2±3.3 c  4.5±2.3 abc  6.7±1.4 abc  2.2.2±0.7 a  7.0±1.2 bc  2.3±0.6 a  3.4±0.9 abc  2.1±0.5 ab 
BB** 
mg C m‐3  8.3±0.9 bcd  4.4±0.6 ab  6.5±1.7 abc  4.1±1.3 a  17.8±3.1 d  9.4±3.2 bcd  14.9±4.2 cd  9.2±1.7 bcd 
BP 
mg C m‐3d‐1  15.7±6.5 ab  6.0±2.2 ab  2.7±1.1 a  2.1±0.6 a  12.0±3.7 b  1.1±0.1 a  4.3±1.2 ab  1.1±0.2 a 
BR 
mg C m‐3d‐1  11.2±3.2 bc  4.8±1.5 abc  3.2±0.6 ab  3.7±0.7 abc  11.2±2.6 c  2.4±0.4 a  10.5±3.4 abc  3.0±0.7 abc 
CR 
mg C m‐3d‐1  50.6±12.4 bc  18.2±6.6 ab  10.7±2.4 a  9.2±1.8 a  67.1±6.8 c  9.6±1.0 a  31.7±9.7 abc  10.4±1.4 a 
BR/CR   22.3±2.9 ab  35.2±7.6 ab  34.0±3.9 ab  39.9±4.6 b  16.5±3.6 a  24.3±3.3 ab  33.9±3.6 ab  30.7±7.0 ab 
B size** 
fg C cell‐1  24.1±3.9 ab  20.3±4.3 ab  20.5±1.9 ab  15.6±1.0 a  31.4±2.4 b  31.7±8.0 ab  23.1±0.8 ab  26.1±1.1 b 
BGR d‐1  0.85±0.25 a  0.71±0.25 a  0.40±0.12 a  0.51±0.12 a  0.56±0.12 a  0.18±0.06 a  0.26±0.06 a  0.13±0.02 a 
BGE  0.43±0.11 
a 
0.46±0.10 
a 
0.33±0.08 
a 
0.35±0.06 
a 
0.52±0.07 
a 
0.34±0.05 
a 
0.30±0.03 
a 
0.33±0.10 
a 
BP/DOCp 
(%)  127±59 a  161±0.10 a  120±55 a  161±86 a  88±15 a  88±33 a  128±39 a  51±9 a 
BCD/DOCp 
(%)  287±119 a  328±192 a  259±114 a  450±164 a  315±115 a  425±143 a  237±136 a  331±76 a 
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